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Abstract
Aptamers are single-stranded nucleic acids that fold into stable three-dimensional structures with
ligand binding sites that are complementary in shape and charge to a desired target. Aptamers are
generated by an iterative process known as in vitro selection, which permits their isolation from
pools of random sequences. While aptamers have been selected to bind a wide range of targets, it
is generally thought that these molecules are incapable of discriminating strongly alkaline proteins
due to the attractive forces that govern oppositely charged polymers (e.g., polyelectrolyte effect).
Histones, eukaryotic proteins that make up the core structure of nucleosomes are interesting
targets for exploring the binding properties of aptamers because these proteins have positively
charged surfaces that bind DNA through non-covalent sequence-independent interactions.
Previous selections by our lab and others have yielded DNA aptamers with high affinity but low
specificity to individual histone proteins. Whether this is a general limitation of aptamers is an
interesting question with important practical implications in the future development of protein
affinity reagents. Here we report the in vitro selection of a DNA aptamer that binds to histone H4
with a Kd of 13 nM and distinguishes other core histone proteins by 100 to 480-fold, which
corresponds to a ΔΔG of up to 3.4 kcal/mol. This result extends our fundamental understanding of
aptamers to include the ability to fold into shapes that selectively bind alkaline proteins.
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Introduction
Aptamers are short nucleic acid polymers (DNA or RNA) that fold into well-defined three-
dimensional structures whose surfaces include binding sites that are complementary in shape
and charge to a desired target. Aptamers were first discovered in 1990 when two labs
independently reported the generation of RNA molecules with specific ligand binding
properties from pools of random sequences.[1] In the original papers, Ellington and Szostak
called these RNA molecules ‘aptamers’ from the Latin aptus, to fit, while Tuerk and Gold
labeled this process ‘SELEX’, which stands for systematic evolution of ligands by
exponential enrichment. SELEX is sometimes referred to as in vitro selection or test tube
evolution since this laboratory procedure mimics the natural process of Darwinian
evolution.[2] In these experiments researchers create a survival-of-the-fittest environment in
which individual molecules compete against one another to overcome a selective pressure
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that is predefined, but often requires binding to a desired target. The small fraction of
molecules that meet this requirement are collected and amplified to restore the population to
its original size and create progeny molecules that can be further challenged in subsequent
rounds of in vitro selection and amplification. Progeny molecules have the ability to inherit
genetic mutations, either by intentional mutagenesis or through random mistakes made by a
polymerase that can improve the fitness of the molecule for its intended function or lead to
deleterious effects that cause the sequence to be removed from the pool.

The ability to harness the power of evolution at the molecular level has led to the
development of straightforward procedures for creating tailor-made affinity reagents in the
laboratory.[3] Since those initial experiments aptamers have been shown to display a wide
range of structural plasticity, and it is now clear that aptamers can be selected to bind almost
any kind of molecular target from small molecules to whole cells.[2a, 2e, 4] One major
hallmark of aptamers is their ability to bind discrete targets with high specificity. An
aptamer generated to bind theophylline, for example, recognizes its cognate ligand 10,000
times better than caffeine, which differs from theophylline by only one methyl group.[5]

More recently, our lab developed an aptamer that recognizes an acetyl-lysine post-
translational modification in a polypeptide sequence with 2,400-fold specificity.[6]

The strong recognition properties of aptamers combined with the ease by which they can be
produced has fueled strong interest in the use of aptamers as affinity reagents in many areas
of biotechnology and molecular medicine.[7] Aptamers function efficiently in standard
protein-binding assays, including ELISA,[8] western blots analysis,[9] microarrays,[10] and
affinity chromatography.[11] In one example, an L-selectin aptamer was used to purify the
human L-selectin receptor from Chinese hamster ovary cells.[11] In this case, pure protein
was obtained in a single step with 15,000-fold enrichment and 83% recovery. Aptamers
have also been used as recognition elements in a variety of biosensors and analytical
devices.[12] For example, an aptamer-based dipstick assay was made to detect cocaine,[13]

and a colorimetric assay now exists to monitor the levels of lead in the environment.[14]

Aptamers are also gaining attention as therapeutic agents.[15] The aptamer, Macugen®, is
now approved by the FDA for the treatment of patients affected by neovascular age-related
macular degeneration.[16] This VEGF aptamer functions as a drug by inhibiting the binding
of VEGF-165 to its receptor. In clinical trials, 80% of the patients treated with this aptamer
showed stable or improved vision three months after treatment.[16]

Despite the success that aptamers have achieved in recent years, many basic questions
remain about how these molecules fold into shapes with discrete ligand-binding
functions.[33-35] The ability for aptamers to target alkaline proteins constitutes an important
aspect of this general problem as many proteins have highly basics surfaces. Clearly a
greater understanding of the binding properties of aptamers is needed if these molecules are
to be used as affinity reagents on a scale as large as the human proteome.[17] Conventional
wisdom suggests that aptamers should be incapable of folding into structures that selectively
recognize positively charged proteins due to the attractive forces that govern polymers of
opposite charge. This problem, commonly referred to as the polyelectrolyte effect, occurs
when negatively charged polymers like DNA interact with positively charged polymers like
protein to create a ligand binding interaction that releases water molecules and counter ions
that previously solvated overlapping regions of both polymers.[18] The magnitude of the
polyelectrolyte effect is an important constraint on the ability of aptamers to target alkaline
proteins, as aptamers would need to first overcome the barrier that defines the
complementary attraction of oppositely charged polymers in order to bind a basic protein
with high specificity. While the polyelectrolyte effect has been the subject of previous
computational studies,[19] very little experimental consideration has been given to the
thermodynamic properties of aptamers and their ability to bind alkaline proteins.
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We chose to explore this problem by attempting to evolve DNA aptamers with high
specificity to histone H4. Histones are eukaryotic proteins that package DNA into
nucleosomes. The core proteins that make up the nucleosome are histones H2A, H2B, H3,
and H4.[20] We hypothesized that histone H4 represented an ideal target for this
investigation as a previous study by our lab produce a histone-binding aptamer with high
affinity but low specificity.[21] Similar results were also achieved by Gonzalez and co-
workers in their generation of DNA aptamers to Leishmania infantum histone proteins H2A
and H3.[22] Collectively, these examples led us to wonder whether this was a general
problem of aptamer binding or a specific problem related to the previous selection strategies.
To explore this question in greater detail, we carried out an in vitro selection using counter
selection steps to determine whether aptamers could be generated that distinguished histone
H4 from the three other core histone proteins. The best aptamer identified in this selection
binds to histone H4 with low nanomolar affinity and discriminates against histone proteins
H2A, H2B, and H3 by ~100-500-fold. By comparison, all previous selections yielded
aptamers with only 2-5-fold specificity. This result demonstrates that aptamers have the
ability to fold into structures that distinguish highly basic proteins of similar structure and
function.

Results and Discussion
Selection for single-stranded DNAs that Bind to Histone H4

DNA sequences that bind to histone H4 were isolated by iterative rounds of in vitro
selection and amplification. The initial pool contained 1012 unique single-stranded DNA
molecules with a central random region of 50 unbiased nucleotide positions flanked on both
sides with distinct primer-binding sites. To isolate molecules with affinity to the N-terminal
region of histone H4, peptides reflecting the N-terminal tail of histone proteins H2A, H2B,
H3, and H4 were used in place of the whole proteins. This substitution was feasible because
this region of the protein remains natively unstructured when DNA threads itself around the
histone octamer to form the nucleosome core.[20] The selection strategy (Figure 1) included
a negative selection step to remove molecules that bound the off-target histone sequences of
H2A, H2B, and H3, followed by a positive selection step to isolate molecules with affinity
to the desired histone H4 target sequence. For each round of selection, the pool was
incubated with the off-target peptides H2A, H2B, and H3, which were modified with a C-
terminal biotin residue to enable their capture on a streptavidin-affinity matrix. Molecules
that remained in the pool were incubated with the desired H4 peptide, and functional
aptamers were separated from the unbound pool by injecting the mixture onto a neutral
coated capillary. Five injections were made for each round of selection and 1011 molecules
were sampled in the first round of the selection.

Capillary electrophoresis (CE) was chosen for the positive selection step because this
technique leads to a higher partitioning efficiency than is commonly observed for traditional
gravity filtration.[25] This in turn reduces the number of selection cycles required to generate
high quality aptamers from ≥10 to just three or four rounds of selection and amplification. In
the case of IgE, for example, an aptamer was generated after four rounds of CE-based
selection that exhibited similar binding properties to an aptamer produced after 15 rounds of
traditional selection.[26] A second major advantage of CE is that aptamer binding occurs free
in solution, which obviates the need for complicated conjugation chemistry that can occlude
surface binding sites or alter the native protein structure. Collectively, these advantages are
making CE a popular separation technique for the in vitro selection of aptamers that bind
peptides and proteins.[27] We have previously used this method to generate a DNA aptamer
with >2000-fold specificity to an acetylated lysine residue in a short polypeptide
sequence.[6]
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To favor the selection of aptamers with high specificity to histone H4, the ratio of the DNA
pool to the different histone tails was adjusted in the negative and positive selection steps to
maintain high selective pressure on the pool of evolving molecules. In rounds one and two,
the ratio of the DNA pool to the off-target histones was 100:1, which was stringent enough
to remove DNA sequences that bound the off-target peptides, but permissive enough to
allow desirable molecules to remain in the pool. The stringency was then increased in
rounds three and four by reducing the ratio to 1:1, which favored the removal of molecules
with weaker affinity to the H2A, H2B, and H3 peptide sequences. For each round of positive
selection, the ratio was reversed such that the H4 peptide was present at limiting amounts
relative to the DNA pool (1:1000). By limiting the target peptide, we aimed to increase
competition between the pool and desired histone tail. After four rounds of selection, the
DNA pool was cloned and sequenced. We obtained 23 clones and analyzed their sequences
by calculating their predicted secondary structures using the computer program mFold
(Figure S1). Five of the clones are predicted to fold into structures that are dominated by a
simple stem-loop or internal bulge motif. The remaining clones adopt more complicated
structures that contain tandem stem-loop motifs. The presence of many highly structured
sequences suggests that sophisticated functions, such as the ability to discriminate subtle
differences between peptides of similar sequence and composition, require molecules with
significant structural complexity.

Affinity and Specificity of the DNA Aptamers
Of the 23 sequences, eight representative clones with different secondary structures were
chosen for further analysis. The eight sequences were constructed by solid-phase DNA
synthesis, purified by gel electrophoresis, and assayed for affinity to histone H4 whole
protein by dot blot analysis.[24] Close inspection of the dissociation constants (Kd's) reveal
that all eight clones bind to histone H4 with Kd's of 1 to 10 nM, indicating these sequences
are all capable of high affinity binding (Table 1). To examine the specificity of the selected
aptamers, dissociation constants were measured for the four strongest binders to the off-
target whole proteins H2A, H2B, and H3. In keeping with the literature.[28] this study
defined specificity as the ratio of the off-target Kd to the on-target Kd, and aimed to produce
aptamers with at least 100-fold specificity to each of the off-target proteins. Results from our
initial specificity study demonstrate that the selected clones are relatively specific against
histone proteins H2A and H2B (50-150-fold), but fail to discriminate histone H3 by more
than 10-fold (Table 2). Creating aptamers that distinguish the N-terminal tail of histone H4
from the N-terminal tail of histone H3 is a challenging problem as previous selections
performed in the absence of counter selection methods yielded aptamers with only 2-5-fold
selectivity.[21-22]

Salt Effects
Because electrostatic attraction between the negatively charged DNA backbone and
positively charged histone protein might account for the low selectivity observed for the
selected aptamers, we decided to examine the role of metal ions on ligand binding affinity.
By increasing the concentrations of monovalent and divalent metal ions in the binding
buffer, we aimed to stabilize the tertiary structure of the aptamer fold and simultaneously
satisfy competing charges on the protein surface. To test this possibility, we chose clone
4.33 for further analysis as this sequence showed the highest degree of specificity to histone
H3. Raising the salt concentration from 100 mM NaCl and 5 mM MgCl2 to 500 mM NaCl
and 10 mM MgCl2 increased the binding specificity of clone 4.33 for histone H4 versus
histone H3 from 10-fold to nearly 30-fold (Table 3). A similar increase in specificity was
observed against histones H2A and H2B (up to 422- and 86-fold, respectively). We noticed
that increasing the salt concentration beyond this level did not translate into further increases
in specificity, indicating that all of the metal binding sites on the aptamer and protein were
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saturated under the higher salt conditions (data not shown). We speculate that the change in
specificity is due to the formation of new intramolecular contacts within the aptamer
structure. This hypothesis is consistent with the observation that clone 4.33 adopts a third
stem-loop motif when its predicted secondary structure is calculated under conditions that
simulate the higher salt concentration (Figure S2).

Directed Evolution
In an effort to isolate aptamers with greater specificity for histone H4, we used directed
evolution to optimize clone 4.33 for improved ligand binding affinity and specificity. We
created a second-generation library based on the parent sequence of clone 4.33 in which
each nucleotide position in the aptamer sequence was doped with a 15% mixture of the other
three nucleotides. This level of mutagenesis was intended to optimize contacts within the
aptamer structure and produce mutations that would lead to greater discrimination between
histone H4 and the other three histone proteins. As a precaution new primer binding sites
were added to the flanking regions to avoid the unwanted enrichment of aptamers from the
original library. The doped library was subjected to three iterative rounds of directed
evolution using two different selection strategies. The first strategy was performed in a
manner identical to the original in vitro selection with a negative selection step performed
on streptavidin-coated beads to remove molecules with affinity to the off-target sequence
followed by a CE-based positive selection step to recover molecules that bound the N-
terminal tail of histone H4. For each selection round, the ratio of the off-target to pool and
on-target to pool was maintained at 1:1 and 1:1000, respectively. In the second selection
strategy, both the negative and positive selection steps were performed using traditional
affinity chromatography methods to separate the bound molecules from the unbound pool.
After three rounds of directed evolution, both libraries were cloned and sequenced to
examine the diversity of molecules that remained in each pool.

Eight clones from the CE-based selection and nine clones from bead-based selection were
aligned with clone 4.33 (Table S2). The average number of mutations per sequence was 7.6,
which closely approximates the number of mutations expected for a library of 50-
nucleotides that was doped at a level of 15% per nucleotide position. Close inspection of the
aligned sequences reveals several small patches of conserved nucleotides that are distributed
among numerous single-point mutations. To examine the extent to which any of the selected
sequences showed higher selectivity for histone H4, we randomly chose three sequences
from the output of each selection and measured their affinity and specificity for histone H4.
Each sequence was synthesized by solid-phase DNA synthesis, purified by gel
electrophoresis, and assayed for affinity to histone proteins H2A, H2B, H3, and H4.
Surprisingly, only clone 3.13 isolated from the CE-based selection showed high selectivity
to histone H4 (Table 4). The remaining clones were unable to distinguish histone H4 from
histone H3 by more than ~20-fold, which is less than the parent sequence (clone 4.33).
Aptamer CE-3.13, however, binds histone H4 with a Kd of 13 nM and discriminates against
histone proteins H2A, H2B, and H3 by 477-, 165-, and 100-fold, respectively (Figure 2).
This result emphasizes the challenge of isolating aptamers with reasonable selectivity to
highly basic proteins, but provides evidence that such sequences are not so rare that they
cannot be discovered by in vitro selection.

Studies of Site-directed Mutations
To examine the genetic changes that led to improved specificity, we compared the predicted
secondary structure for the parent sequence to the evolutionary optimized variant. This
analysis demonstrates that four of the eight single-point mutations occur in regions of the
sequence that define the predicted secondary structure (Figure 3A). We therefore reverted
each of the four point mutations individually back to their original nucleotide, and measured
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the solution binding affinity for histone proteins H3 and H4. While the four revertant clones
recognized histone H4 with Kd's that are within 2-fold of aptamer CE-3.13, none of
sequences were able to distinguish histone H3 by more than 20-fold (Figure 3B). This loss
in selectivity suggests that each of the four point mutations play an important role in the
folding and recognition properties of aptamer CE-3.13.

To further explore the evolved mutations, we generated variants that contained
compensatory mutations in stem-loop regions of the predicted secondary structure. Two
clones were constructed that restore Watson-Crick base pairs to the C23G and G41A
revertants by changing the G:G and C:A mismatches to C:G and T:A base pairs,
respectively. These engineered clones bind histone H4 with Kd's equivalent to the
evolutionary optimized aptamer, but again fail to restore selectivity to the aptamer sequence
(Figure 3B). This result demonstrates that the selected mutations, G23C and A41G, which
form G:C and C:G base pairs in aptamer CE-3.13, impart additional functionality beyond
simply maintaining a contiguous helix in the stem-loop region of the secondary structure.
One possibility is that these mutations form new contacts within the architecture of the
aptamer that rigidify its structure and limit the amount of flexibility in and around the
ligand-binding pocket.

To gain a better understanding of how the structure of aptamer CE-3.13 contributes to its
recognition of the N-terminal tail of histone H4, we performed a hydroxyl radical
footprinting analysis in the absence and presence of histone proteins H2A, H2B, H3, and
H4. Consistent with the high specificity of aptamer CE-3.13 for histone protein H4,
protection of the DNA backbone occurred to a greater extent for histone H4 than for any of
the other three histone proteins (Figure S4). Careful analysis of the resulting gel indicates
that histone proteins H2A, H2B, and H3 protect residues 34-38 of the aptamer. This
relatively small region is likely due to weak electrostatic interactions between the DNA
backbone and the three histone proteins. However, the case is quite different for histone H4,
which protects a much larger region of the aptamer from hydroxyl cleavage. Here a clear
footprint is observed for residues 31-45, which constitute a strong binding interface with
histone H4. Combining this information with the predicted secondary structure suggests that
the second stem-loop motif forms a binding pocket that is complementary in shape and
charge to the N-terminal tail of histone H4. Indeed, three of the four genetic mutations
observed in aptamer CE-3.13 occur in this region of the oligonucleotide, which implies that
each of these mutations play an important role in the binding of histone H4. The fourth
mutation, which occurs in the first stem-loop motif could help with aptamer stability by
improving the packing interactions between the two stem-loop motifs. This result is
consistent with the interpretation that the four selected mutations increase protein binding
specificity by rigidifying the aptamer structure.

Discussion
We have applied the strategy of in vitro selection and directed evolution to isolate a single-
stranded DNA molecule with high affinity and specificity to histone H4. When we began
this study it was not obvious a priori that a random pool of DNA sequences would produce a
nucleic acid molecule that folded itself into a shape that recognized an alkaline protein with
high affinity and specificity. A previous study by our lab that aimed to produce a set of
DNA aptamers to histone H4 yielded a number of high affinity sequences (Kd ~5-10 nM);
however, the best sequence could only discriminate histone H3 by a factor of 5-fold.[21]

Similar results were obtained by Ramos and co-workers on histone proteins H2A and H3,
which produced aptamers with only 2-3-fold specificity.[22] Whether this was a general
problem of aptamers (i.e., the potential inability of negatively charged polymers to fold into
shapes that recognize positively charged polymers with high selectivity) or simply a
limitation of the previous selection strategy was unclear. We therefore designed a new
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selection strategy that included the use of stringent counter selection steps between iterative
rounds of selection and amplification, since this approach has been widely used to generate
aptamers with specific ligand binding properties.[5-6, 29] The goal of this selection was to
remove DNA molecules from the pool that exhibited high affinity to the off-target histone
proteins H2A, H2B, and H3. In doing so, we aimed to address the broader question of
whether aptamers could be used to bind alkaline proteins with high specificity.

Comparison of the binding properties of the aptamers isolated by directed evolution (Table
4) reveals a striking difference in the tolerance of each molecule for the off-target histone
proteins. For example, aptamer CE-3.13, which was isolated using the capillary
electrophoresis method, is significantly more fit in terms of its ability to bind histone H4
than all of the other DNA aptamers. This aptamer binds to histone H4 with a solution
binding affinity of 13 nM and distinguishes the three remaining core histone proteins by a
factor of 100-477-fold, which corresponds to a binding energy of up to 3.4 kcal/mol. In
contrast, the less fit aptamers also bind to histone H4 with low nanomolar affinity, and are
able to distinguish histone proteins H2A and H2B with high specificity (≥100-fold), but
struggle with their ability to discriminate histone proteins H4 and H3. This problem was
observed in our previous selection and likely stems from the fact that both proteins have
similar sequence composition in their N-terminal tails, which was the protein region targeted
in both selections. While it is exciting to wonder whether the isolation of aptamer CE-3.13
was due to the high partitioning efficiency of the capillary electrophoresis-based separation,
many additional aptamers will need to be tested before this question can be answered.

One interesting observation to come from the aggregate set of binding data is that aptamers
with high affinity are not automatically more specific for their target ligands. Although it has
long been assumed that the easiest way to improve aptamer specificity is to increase its
shape and charge complementary for a given target,[30] a recent study by Szostak and co-
workers suggests that specificity is a physical property that emerges when biopolymers
adopt folded structures that are reinforced with additional intramolecular contacts.[31] This
revised aptamer binding theory takes into account the free energy term provided by
intramolecular contacts that contribute to the overall stability of the tertiary structure.
According to this model, it is expected that as an aptamer evolves from an initial simple
motif to a more complex tertiary structure it will acquire addition structural elements that
allow it to form a more rigid ligand-binding pocket that is less willing to accept target
analogues. This hypothesis is consistent with the binding properties of our aptamers and
suggests that aptamer CE-3.13 adopts a folded structure, either as a free molecule or in the
bound state that is more rigid than the other aptamers that we tested.

Mutagenesis data supports the prediction that aptamer CE-3.13 represents a complex
solution to the chemical problem of how a DNA molecule would fold itself into a tertiary
structure with a ligand binding site that is capable of selectively recognizing the alkaline
protein histone H4. Single-nucleotide revertants constructed for each of the four genetic
mutations that occur in the region of the sequence that defines the predicted secondary
structure maintain high affinity binding but abate specificity. Furthermore, specificity is not
restored when the C23G and G41A revertants are modified with compensatory mutations
that change the G19:G23 and C34:A41 mismatches to C19:G23 and T34:A41 base pairs,
respectively. Since positions 23 and 41 occur in adjoining helices of the predicted secondary
structure, successful resuscitation of specificity would have meant that these mutations were
selected to maintain two contiguous helices in the aptamer structure. However, since neither
compensatory mutation allowed the aptamer to recover specificity, it is reasonable to assume
that both mutations play a greater role in aptamer folding. This prediction is supported by
our footprinting analysis (Figure S4).
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A second interesting observation to emerge from our results was that a limited sampling of
aptamers (in this case six aptamers were examined after directed evolution) yielded a DNA
molecule that was capable of achieving high specificity. One interpretation that is consistent
with our results is that the counter selection method used to isolate these aptamers provided
access to complex structures that are capable of folding into rigid shapes with well-defined
ligand binding sites, but that these structures are still somewhat rare when compared to
simpler structures that continue to dominate the pool. This scenario agrees with the long
held belief that in vitro selection tends to produce the simplest solutions to a given
biochemical problem. This hypothesis is evident from our previous selection for histone-
binding aptamers, which selected for protein-binding affinity only and produced molecules
with high affinity but low specificity. In contrast, the current selection strategy, which
included a direct selection for specificity allowed us to favor the enrichment of aptamers
with specific ligand binding properties by removing many of the simpler solutions from the
pool. We speculate that our previous selection contained aptamers that were capable of high
specificity but these molecules were so rare that random sampling of the selection output
could not identify them.

Conclusion
In summary, we provide evidence that nucleic acid aptamers can be evolved by in vitro
selection to fold into shapes that recognize alkaline proteins with high specificity. Because
these aptamers are rare relative to simpler solutions that bind with high affinity but low
specificity, their isolation requires strong counter selection measures that deplete the pool of
low specificity binders. In the broader context of aptamer binding, these results suggest that
aptamers could be used as affinity reagents to target a wide range of human proteins,
including structures whose surfaces are dominated by an abundance of positive charge.

Experimental Section
General

DNA oligonucleotides were purchased from Integrated DNA Technologies and purified by
denaturing polyacrylamide gel electrophoresis. Histone peptides (H4,
GGKGLGKGGAKRHRK; H3, ARTKQTARKSTGGKA; H2A, GKQGGKARAKAKTRS;
H2B, SAPAPKKGSKKAVTK) were purchased from Sigma-Aldrich in >95% purity.
Histone peptides with a C-terminal biotin residue (H4, GGKGLGKGGAKRHRK-Biotin;
H3, ARTKQTARK-STGGKAGKBiotin; H2A, GKQGGKARAKAKTR-SGK-Biotin; H2B,
SAPAPKKGSKKAVTK-Biotin) were purchased from New England Peptide in >95%
purity. Histone proteins H2A, H2B, H3, and H4 were purchased from New England
BioLabs. The 100-mer DNA library containing a random region of 50 nucleotides flanked
on both sides with constant PCR primer binding sites, and a second generation DNA library
based on clone 4.33 were purchased from the Keck Facility at Yale University.

In vitro Selection
For each round of selection, the DNA library was amplified by PCR using a 6-
carboxyfluorescein (6-FAM) labeled forward primer (5’-FAM-GAG CTA CGT ACG AGG
ATC CGG TGA G-3’) and a biotin labeled reverse primer (5’-Biotin-GGA CCT GGG GCC
GAA GCT TAG CAG T-3’). The pool was made single-stranded by immobilizing the
dsDNA onto streptavidin-coated agarose beads and eluting the top strand with 0.15 M
NaOH. The single-stranded library was neutralized, ethanol precipitated, and folded by
heating to 95 °C for 5 minutes and cooling on ice for 10 minutes in selection buffer (100
mM NaCl, 5 mM MgCl2, 10 mM HEPES, pH 7.5). The DNA library was incubated for 1
hour at 24 °C with histone peptides H2A, H2B and H3 derivatized with a C-terminal biotin
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residue. After 1 hour, the solution was passed through a column of streptavidin-coated
agarose beads. The unbound fraction was collected, concentrated by ethanol precipitation,
and refolded. The DNA pool was incubated with the histone H4 peptide for 1 hour at 24 °C,
and histone H4 aptamers were isolated by separating the bound molecules from the unbound
library by capillary electrophoresis. After four rounds of in vitro selection and amplification,
the library was cloned and sequenced to examine the diversity of molecules that remained in
the pool.

Capillary Electrophoresis
Capillary electrophoresis was performed on Beckman ProteomeLab PA 800 Protein
Characterization System. Prior to use, the glass capillary (0.1 mm inner diameter, total
length = 60 cm) was rinsed with water and equilibrated with selection buffer. A small
portion (70 nl) of the library/peptide mixture was injected onto the capillary using pressure
injection (0.5 psi for 5 seconds) and electrophoresis was performed under a constant voltage
of 15 kV at 20 °C for 35 minutes. Laser-induced fluorescence (LIF) was used to monitor the
separation of 6-FAM labeled DNA (excitation = 488 nm; emission = 520 nm). Five
injections were performed for each round of in vitro selection.

Directed Evolution
Directed evolution was performed to optimize clone 4.33 (5’-CAC GAC TCT CAC CTC
ATA GC tgg tgg ggt tcc cgg gag ggc ggc tac ggg ttc cgt aat cag att tgt gt CTG GTT CTG
TAG ACG GCT TG-3’). A degenerate DNA library was constructed by solid-phase DNA
synthesis using mixtures of phosphoramidite monomers that allowed for 15% mutagenesis
to occur at each nucleotide position in the aptamer sequence. Lower case bases in clone 4.33
denote a region of the sequence that contains 85% of the wild-type nucleotide and 5% of
each of the other three bases. New PCR primers were used to avoid possible contamination
with the first-generation library. The DNA library was amplified by PCR and made single-
stranded by denaturing on streptavidin-coated agarose beads. The pool of single-stranded
DNA was split into two parts, and two separate selections were carried out in parallel. The
first selection was performed as described above with the exception that only histone H3
peptide was used in the negative selection step. All other steps were the same, including the
solution-phase separation of the bound aptamers by capillary electrophoresis. The second
selection was perform in a similar manner with the exception that the positive selection step
was performed by capturing the portion of DNA that remained bound to histone H4 peptide
on a streptavidin-coated magnetic beads, washing to remove the unbound molecules, and
amplifying the bound material by PCR. After three rounds of in vitro selection and
amplification, both libraries were cloned and sequenced to examine the diversity of
molecules that remained in the pool.

DNA sequencing and analysis
DNA sequences present in the output of each selection were amplified by PCR and cloned
into a pJET DNA cloning vector (Fermentas). The vectors were transformed into E. coli
TOP10 competent cells and grown on ampicillin agar plates at 37 °C with an overnight
incubation. Individual colonies were randomly picked and checked by colony PCR to ensure
that the vector contained the insert. Positive clones were grown in liquid media, mini-
preped, and sequenced at the ASU Sequencing Facility. The predicted secondary structures
were determined using the computer program mFold.[23]

Dot blot binding assay

DNA aptamers (150 pmole) were labeled with 32P by incubating with [ ] ATP and T4
polynucleotide kinase for 1 hour at 37 °C. The [32P]-labeled aptamers were desalted on a
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sephadex G-25 column, diluted with selection buffer and folded by heating at 95 °C for 5
minutes and cooling on ice for 10 minutes. The purified aptamers were then divided into 12
tubes and incubated for 1 h at 24 °C with the histone protein poised at concentrations that
span the expected Kd (typically 0.1-100 nM). After 1 hour, the solutions were placed into a
vacuum manifold dot blot apparatus and the bound aptamers were partitioned away from the
free DNA by passing the solution through a layer of nitrocellulose and nylon membranes.[24]

To reduce any nonspecific binding and retention of the free DNA, the nitrocellulose
membrane was presoaked for 10 minutes in 0.4 M KOH and rinsed with water until the pH
returned to neutral. Prior to analysis, both membranes were equilibrated in selection buffer
for 30 minutes at 4 °C followed by passing selection buffer through the wells with vacuum.
Samples were then loaded into the dot blot manifold and vacuum was applied to separate the
bound aptamer from the unbound DNA. Aptamers that are bound to histone become
captured on the surface of the nitrocellulose membrane (top layer), while unbound DNA
passes through the nitrocellulose layer and becomes captured on the nylon membrane
(bottom layer). The wells were then washed with selection buffer, dried, and the amount of
radioactivity present on both membranes was determined by phosphorimaging. The protein-
bound aptamer fraction and protein concentration were used to determine the Kd using the
following equation: Ib/(Ib + Iu) = c1 +c2([protein]/([protein] + Kd)), where Ib and Iu are the
intensity of protein-bound aptamer and free aptamer, respectively, c1 and c2 are constants.
Dissociation constants were calculated using a nonlinear least-squares regression analysis
performed with DeltaGraph program.

Structural probing by hydroxyl radical footprinting
Hydroxyl radical footprinting reactions were performed similar to previously described.[32]

Briefly, [32P]-5’-end labeled aptamer was incubated in high salt conditions in the presence
or absence of histone proteins and equilibrated for 1 hour at room temperature in a total
volume of 10 μl. The hydroxyl radical cleavage reaction was prepared by carefully spotting
1 μl of a fresh Fe(II)-EDTA solution (3 mM Fe (II)/6 mM EDTA), 1 μl sodium ascorbate
solution (30 mM), and 1 μl hydrogen peroxide solution (1.8% freshly diluted from a 30%
stock) as three separate drops on the wall of the tube. The reaction was initiated by
simultaneously mixing the three individual reagent drops together and immediately adding
to the aptamer solution. The reaction was quenched by addition of 7 μl of stop solution (100
mM thiourea) after 1 min of digestion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro selection strategy used to generate DNA aptamers with high affinity and specificity
to histone H4 protein. For each round of selection and amplification, the pool of DNA was
pre-cleared by removing DNA sequences with affinity to the N-terminal tails of histone
proteins H2A, H2B and H3. Molecules collected in the flow-through were incubated with
the N-terminal tail of histone H4 and the bound fraction was separated from the unbound
pool by capillary electrophoresis. The set of bound molecules was recovered, amplified and
used to generate a new pool of sequences for input into the next round of selection.
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Figure 2.
Solution binding affinity and specificity of aptamer CE-3.13. Equilibrium binding affinity
was measured by dot blot analysis for histone proteins H4 (circles), H3 (squares), H2B
(diamonds) and H2A (triangles).
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Figure 3.
Aptamer binding motif and analysis. (A) Sequence alignment of aptamers 4.33 and CE-3.13
showing the eight genetic mutations that gave rise to an evolutionary optimized variant with
high specificity to histone H4. (B) The predicted secondary structures of aptamers 4.33 and
CE-3.13 are shown with the mutated positions highlighted in red and green, respectively.
Binding affinity and specificity (parentheses) of each reversion and compensatory mutation
is shown next to the structure of aptamer CE-3.13.
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Table 1

Sequence and dissociation constants of round 4 aptamers to histone H4 protein.
[a]

Clone Sequence Kd (nM)

4.33 TGGTGGGGTTCCCGGGAGGGCGGCTACGGGTTCCGTAATCAGATTTGTGT 1.3 ± 0.3

4.60 TTGGCCCCGCGTGATCATTGAGGGGAGGAGCCGAGGCGGGTCCAAGATTG 2.6 ± 0.4

4.32 ATCACGATATGCCCGGCTCATCGGGGTTCAGTTGGGCGGTCACATGGAAA 2.8 ± 0.6

4.36 TTCAAGGCGGCGAGATTTAGTGGTTGGGAGGCTGTACGCCCTACGTGAAC 2.9 ± 1.0

4.58 TTTAACGTAACCTGCAAGGCGGGGAGGTGCGAGCCCCGTGTGTGGCTTGC 3.8 ± 1.6

4.51 GGTGCTCAGGGAACTGTCTGAGGGATCAGGCTTAAGCCTGTCGAGCAGTT 5.6 ± 0.7

4.65 TCGCATGGAGGGCAGAGCCGCCTGCCGGGATCCGGCCCTCTTGGGCGGGC 7.4 ± 0.5

4.57 TAGTCCCAAGGCACATAAGGGCCGGAGGTCTAGCGTCAGGGATACAGAGA 8.8 ± 1.9

[a]
binding condition: 100 mM NaCl, 5 mM MgCl2, 10 mM HEPES (pH 7.5).
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